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Abstract 
Myopia, diabetes and aging are the main causes of progressive vitreous collagen aggregation, 
resulting in vitreous opacities which can significantly disturb vision. As vitreous opacities, 
which induce the visual phenomenon of , are accessible with nanomaterials and light, 
we propose a nanotechnology-based approach to locally ablate them with highly reduced light 
energy compared to the more traditional YAG laser therapy. Our strategy relies on the plasmon 
properties of gold nanoparticles that generate vapor nanobubbles upon pulsed-laser illumination 
whose mechanical force can ablate vitreous opacities. We designed gold nanoparticles coated 
with hyaluronic acid which have excellent diffusional mobility in human vitreous, an essential 
requirement to reach the vitreous opacities. In addition, we found that HA-coated gold 
nanoparticles can accumulate extensively on human vitreous opacities which were obtained by 
vitrectomy from patients with vision degrading myodesopsia. When subsequently applying 
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nanosecond laser pulses, the collagen aggregates were efficiently destroyed with ~1000 times 
less light energy as typically used in YAG laser therapy. This low energy -specific 
opacities, 
is attractive as it may be safer to the surrounding ocular tissues while at the same time being 
easier and faster to apply compared to YAG laser therapy where the opacities need to be ablated 
piece by piece by a tightly focused laser beam. Gold nanoparticle assisted photo-ablation may 
therefore provide a safer, faster and more reliable destruction of vitreous opacities in the 
treatment of ophthalmologic diseases. 
Keywords: vitreous floaters, ophthalmology, pulsed-laser, gold nanoparticles, collagen fibers, 
collagen aggregates 
 





Proteins are important in living organisms, as they are involved in structural functions and play 
a role in many physiological processes. In some situations, misfolded or unfolded proteins can 
accumulate and form toxic biological aggregates which are involved in many diseases, such as 
.1 While huge challenges remain 
to reach and treat amyloid aggregates in the brain, pathological aggregates also arise in other 
locations of the body that are more easily accessible to physical stimuli and advanced materials. 
In this investigation we focus on protein aggregates which form in the vitreous body of the 
human eye (Figure 1A). Vitreous is a colorless transparent gel mostly composed of water, 
collagen and negatively charged hyaluronic acid (HA).2 
chains form a biomolecular network that confers gelatinous solidity to the vitreous body. 
However, in myopia and with aging, the vitreous body is increasingly liquefied due to structural 
changes in the biopolymer network and depolymerization of HA, resulting in collagen 
aggregation2. This destabilization of the vitreous body and concurrent dehiscence of vitreo-
retinal adhesion often result in acute posterior vitreous detachment and the sudden appearance 
of floaters which disturb vision due to light scattering by the dense collagen matrix. Many 
patients suffering from vitreous floaters often complain of a significantly negative impact on 
their quality of life.3,4 All too often, patients with vitreous floaters are left untreated. However, 
recent advances have made available two therapeutic options: (i) pars plana vitrectomy,  i.e. the 
surgical ,5 7 or (ii)  a 
non-invasive treatment of the vitreous opacities with a neodymium yttrium garnet laser 
(Nd:YAG).8 
The principle behind YAG laser therapy is that locally applied laser pulses (typically 2-8 mJ 
per pulse; up to 1000 shots per floater) result in plasma production and optical breakdown that 
may disrupt vitreous opacities.9,10 In 2002, a retrospective study indicated however that only 
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38% of patients treated with YAG laser found a moderate improvement in their symptoms, 
showing that YAG laser therapy is far from optimal,11,12 as confirmed in more recent studies.  
Furthermore, it is known that YAG laser therapy is not completely safe. Indeed, cases of 
cataract,13 open-angle glaucoma 14 and posterior lens capsule rupture 15 have been reported. 
Clearly, while treatment of biological aggregates in the vitreous with YAG lasers is an attractive 
approach, significant room for improvement remains. For instance, it is generally considered 
that the shape, size and location of the aggregates in the vitreous can have a detrimental impact 
on the YAG laser treatment efficacy, thereby necessitating a trial and error approach based on 
the  observation and judgement.16,17 Therefore, technological improvements are 
needed that allow to photoablate vitreous collagen aggregates, no matter their size, shape or 
location, while being safe and easier to perform.  
Considering this clear clinical need, we developed a nanotechnology-based approach for more 
efficient photo-ablation of micro- and macroscopic opacities in human vitreous. In particular 
we rely on the surface plasmon properties of gold nanoparticles (AuNPs) which tremendously 
enhance laser light absorption.18,19 Upon pulsed-laser illumination (typically nanosecond laser 
pulses), AuNPs are quickly heating up to several hundred egrees. Consequently, the water of
the surrounding environment evaporates to form vapor nanobubbles (VNBs) emerging around 
the surface of the AuNP (Figure 1B).18,20 Such VNBs will first expand and then collapse thereby 
generating high-pressure shockwaves. As illustrated in Figure 1C, we hypothesized that VNBs 
would allow to mechanically destroy opacities in the vitreous if AuNPs can be targeted to those 
opacities upon intravitreal injection, a well-accepted administration route to deliver (biological) 
drugs in the eye. We first explored our hypothesis making use of artificial vitreous opacities 
i.e. collagen fiber bundles obtained through heating of type I collagen solutions. We 
investigated (i) the intrinsic capacity of nanobubbles to break collagen fibers di persed in water 
and (ii)  the capacity of AuNPs functionalized with hyaluronic acid to diffuse in bovine vitreous 
and bind to collagen fibers. Subsequently, we tested the concept of gold nanoparticle assisted 
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Figure 1. (A) Dark-field microscopy of vitreous in an 88 year-old patient shows age-related aggregation of vitreous 
collagen into visible fibers in the central vitreous body that induce vision-disturbing floaters. The dense collagen 
matrix of the outer vitreous body (arrow) also induces floaters after separation from the retina (posterior vitreous 
detachment). With permission from 21. (B) Schematic representation of the generation of vapor nanobubbles 
(VNBs) from gold nanoparticles (AuNPs) illuminated with a pulsed-laser. (C) Schematic representation of the 
gold nanoparticle assisted photo- : upon intravitreal injection AuNPs bind to the opacities; 







Nanobubbles generated from cationic AuNPs (cat-AuNPs) can break collagen fibers 
First, we evaluated if laser induced nanobubbles have the capacity to break rtificially made 
collagen fibers. Collagen fibers were prepared through heating of type I collagen solutions. As 
Figure 2A shows, the collagen solution turned turbid upon heating at 37 °C, indicating the 
formation of collagen fibers (insert ii). These fibers in water were subsequently labeled with 
Col-F, a fluorescent probe which stains collagen and elastin.22 The presence of collagen fibers 
could be confirmed by dark field and fluorescence microscopy, an example of which is given 
in Figure 2B. As the dark field microscopy images in Figure 2C show, cat-AuNPs of 70 nm 
spontaneously bound to the collagen fibers. Figure 2D shows a dark field microscopy image of 
a collagen fiber carrying cat-AuNPs respectively before, during and after applying a single laser 
pulse of 200 µJ (~1.1 J/cm²); immediately after the laser pulse VNBs (which scatter laser light) 
can be observed on the fiber as bright spots. 
As Figure 2E and F indicate, a single laser pulse of either 200 µJ or 600 µJ (corresponding to a 
laser fluence of 1.  and 3.3 J/cm², respectively) was not sufficient to break the collagen fibers. 
However, an 800 µJ laser pulse (~ 4.5 J/cm²) did affect the size of the collagen fibers, while the 







Figure 2. (A) Turbidity change of a collagen solution indicating the formation of collagen fibers. Inserts correspond 
to respectively a solution of collagen (i) and a dispersion of collagen fibers (ii). (B) Representative dark field and 
fluorescence microscopy images of a Col-F stained collagen fiber (in water) carrying 70 nm cat-AuNPs. (C) 
Representative images of collagen fibers (in water) before and after treatment with cat-AuNPs. The presence of 
cat-AuNPs on the collagen fibers can be appreciated in the right insert. (D) Dark field microscopy images of a 
collagen fiber carrying cat-AuNPs (1010 particles/ml) respectively before, during and after applying a single laser 
pulse of 200 µJ (~1.1 J/cm²): during the laser pulse VNBs (which reflect the laser light) can be observed on the 
fiber as bright spots. (E) Representative images of collagen fibers (in water) before and after treatment with 
nanobubbles; either a single pulse of 200 µJ (~1.1 J/cm²) or 10 pulses of 800 µJ (~4.5 J/cm²) were applied. The 
yellow dotted squares/rectangles indicate the position of the fibers. The scale bar in E is 100 µm. (F, G) Relative 
size of the collagen fibers upon treating the fibers under various conditions: the intensity (E; one laser pulse) or 
the number of laser pulses (F; 800 µJ; ~4.5 µJ/cm²) were varied. In all experiments the laser b am was focused on 
the center of the fibers. Fiber length was determined from the microscopy images using ImageJ software.Data  
shown as mean +/- -test, * indicates p<0.05, ** indicates p<0.01, ns 
indicates non-significant. 
 
Coating of AuNPs with negatively charged HA prevents their immobilization in vitreous 
Clearly, to allow binding of AuNPs to pacities in vitreous, the AuNPs should not become 
immobilized at the injection spot but remain sufficiently mobile to be able to reach t e fibers 
which may be a distance away from the injection spot. Upon injection of cat-AuNPs in bovine 
vitreous, we noticed they got immobilized. Dark field images revealed binding of the cat-
AuNPs to the vitreous network (Figure 3A). These observations are in agreement with earlier 
data from us and others 23,24 which showed the immobilization of cationic polystyrene 
nanoparticles and cationic liposomes in vitreous. This is highly likely attributed to the anionic 




As we have demonstrated before that coating of nanoparticles with negatively charged 
hyaluronic acid (HA) can restore their mobility in vitreous, 23,25 27 we synthesized hyaluronic 
acid-coated AuNPs (HA-AuNPs). The zeta-potential (ZP) of cat-AuNPs (in water) was + 39 
mV while it turned to -18 mV for HA-AuNPs (Figure 3B), confirming the coating of the gold 
nanoparticles with HA. 
 
Figure 3. (A) Dark field microscopy images of 70 nm cat-AuNPs in bovine vitreous how their immobilization on 
the collagen strands of the vitreous. (B) Zeta potential measurements of Cat-AuNPs and HA-AuNPs in water. 
To confirm whether HA coating of the AuNPs indeed avoids their obstruction in vitreous we 
used scattering recovery after fragmentation (SRAF), as explained in detail in the experimental 
section. Figure 4 shows a representative SRAF experiment on HA-AuNPs dispersed in water. 
The dark field microscopy image in the outmost left panel shows the scattered light by the gold 
NPs in suspension. Applying a single laser pulse in the indicated circular region causes the 
AuNPs to become fragmented, which locally reduces the intensity of the scattered light. Due to 
diffusion, intact AuNPs from the surrounding area gradually move into this fragmented zone, 
resulting in a gradual recovery of the light scattering intensity (Figure 4; right panel). The 
diffusion coefficient of the HA-AuNPs in water (as calculated from the recovery curve) was 
estimated to be around 3.2 +/- 0.1 µm2/s, which is fairly close to the D-value as measured by 
nanoparticle tracking analysis (NTA), being 4.7 +/-0.8 µm2/s (data not shown). The fact that 
SRAF underestimates the diffusion coefficient is likely due to the simplified semi-quantitative 
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method that we used to calculate it from the scattering recovery curve. Nevertheless, it is 
sufficiently reliable for our purpose, which is to verify if HA- uNPs have better mobility in 
vitreous as compared to cat-AuNPs (see below). 
 
Figure 4. SRAF measurements on HA- uNPs in water. Dark field microscopy images of a suspension of HA-
AuNPs (70 nm) in water before, during (t = 0 s) and after (t > 0 s) fragmentation of the HA-AuNPs in the 
fragmentation zone (which is indicated by the dotted circle; 100 µm in diameter). To fragment the HA-AuNPs a 
single 7 nanosecond laser pulse (200 µJ; ~1.1 J/cm²) was applied. The light scattering recovery curve is shown in 
the right panel (see Movie S1); the relative light scattering in the Y-axes is the light scattering as measured at a 
certain time point (in the fragmentation zone) divided by the light scattering measured (in the fragmentation zone) 
before fragmentation. The red symbols are the experimental data; the black line is the fitted curve. For movies, see 
supplementary material. 
Figure 5 shows the outcome of SRAF measurements on respectively cat-AuNPs and HA-AuNPs 
injected in bovine vitreous. Clearly, the nearly complete absence of light scattering recovery in 
the fragmentation zone (Figure 5, top panel) confirms that cat-AuNPs are mostly stuck in 
vitreous. Instead, HA-AuNPs have much better mobility in bovine vitreous (Figure 5, lower 
panel), with a diffusion coefficient (1.9 +/- 0.4 µm²/s) somewhat lower than in water, as could 
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be expected due to the presence of the biopolymer network in the vitreous.
 
Figure 5. SRAF measurements on HA- uNPs in bovine vitreous. (A) Dark field microscopy images of cat-AuNPs 
(70 nm) and HA-AuNPs (70 nm) injected in bovine vitreous before and after fragmentation. The scale bar is 100 
µm. To fragment the HA-AuNPs a single 7 nanosecond laser pulse (200 µJ; ~1.1 J/cm²) was applied. The dotted 
circle indicates the fragmentation zone (around 100 µm diameter). As the panel at the right shows, while there was 
is no light scattering recovery for the cat-AuNPs (see also Movie S2) recovery clearly occurred for HA-AuNPs 
(see also Movie S3). The relative light scattering in the Y-axes of the panels at the right is the light scattering as 
measured at a certain time point (in the fragmentation zone) divided by the light scattering measured (in the 
fragmentation zone) before fragmentation. The red symbols are the experimental d ta; the lines represent the fitted 
curves. For movies, see supplementary material. 
 
Nanobubbles generated from (70 nm) HA-AuNPs allow to break collagen fibers 
To evaluate whether AuNPs, when coated with HA, bind collagen fibers and keep their capacity 
to break fibers (as seen with cat-AuNPs, Figure 2), HA-AuNPs were mixed with artificial 
collagen fibers dispersed in water. Figure 6 (top panel) shows that collagen fibers remain 
unaffected when exposed to a single 800 µJ (~4.5 J/cm²) laser pulse only (i.e. without treating 
them with HA-AuNPs). With a single laser pulse of 200 µJ (~1.1 J/cm²), collagen fibers 
-AuNPs (note the accumulation of the HA- uNPs on the fibers) were again 
poorly affected. Instead, when the intensity of the (single) laser pulse was increased up to 800 
